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SUMMARY 


The techniques, analytical tools, and experimental programs used Initially 
to generate and later to Improve and validate the Shuttle base heating design 
environments are discussed In this paper. In general, the measured base heating 
environments for STS-1 through STS-5 were in good agreement with the preflight 
predictions. However, some changes were made In the methodology after reviewing 
the flight data. This paper describes the flight data, compares preflight pred- 
ictions with the flight data, and discusses Improvements In the prediction 
methodology based on the data. 


INTRODUCTION 


The Space Shuttle base heating environment is a combination of SS ME and SRM 
plume radiation, freestream air convective cooling, and reversed plume flow con- 
vective heating. Each base region component receives differing levels of radia- 
tion and convective heating depending upon its location relative to the plumes, 
base gas absorption, structural blockage, general base configuration, and local 
surface temperature. The radiation environment varies with the plume shape, and 
the Incident radiation to any base location depends upon the emission/absorption 
and afterburning characteristics of each contribution plume and by the magnitude 
of attenuation of the base region gases. Convective cooling affects hot base 
surfaces during Initial first-stage flight as cool freestream air is drawn 
through the base by the aspi rati ng- act ion of the plumes. At higher altitudes 
when the plumes become highly expanded and interact, hot gases from the SSME and 
SRM nozzle boundary layers are reversed into the base with resultant base con- 
vective heating to most base surfaces. 

The Shuttle base configuration during 1st- and 2nd-stage ascent is shown In 
Figure 1. Those surfaces closest to the plumes - the SRB skirt trail ing edge, 
the body flap trailing edge, and the SSME aft hat bands - receive the highest 
levels of radiation, approximately 16 Btu/ft^sec at liftoff. Convective heat- 
ing Is most intense in the center heat shield region of the orbiter and in the 
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upper center of the ET dome where levels of heating of 8 Btu/ft sec were meas- 
ured at approximately 100,000 ft altitude. A spike in heating occurs during 
the last few seconds of SRM shutdown, producing an increase in radiation and 
convection well above nominal levels. Peak total heating during this period can 
exceed 25 Btu/ft^sec at some locations. 

A typical heating environment history at the center of the LH„ tank aft 
dome is shown in Figure 2. Photographs of the plumes at several altitudes en- 
compassing the full spectrum of base heating variations are presented in Figures 
3 through 6. The thermal environment for the first 70 to 80 seconds of f I ight 
is dominated by SRM radiation. For the first 30 seconds, the plume radiation to 
the base surface is attenuated by base region outgassing. Beyond 30 seconds, 
radiation increases to near sea-level magnitudes followed by a gradual decrease 
until about 90 seconds (70,000 feet). Note also that convective cooling of the 
ET base occurs during the first 70 seconds of first-stage flight. Above 90 
seconds, the plumes begin to strongly interact and recirculate hot gases with 
the peak convective effect occurring at about 75$ SRM thrust and 100 seconds 
(100,000 feet). The SRM shutdown spike, noted at 128 seconds (166,000 feet), is 
visible in the plume photograph shown in Figure 6. 

A more detailed look at the effect of the various fl ight events on the base 
heating environment can be seen in Figure 7. The environment shown in Figure 7 
was measured In the center of the orbiter heat shield. This location was 
selected because it experiences heating throughout ascent and is sensitive to 
the various engine operational variations. As seen In this figure, the radia- 
tion environment early in flight is not significantly influenced by ignition, 
the roll maneuver, and throttling down to 65$ thrust for max q. Radiation lev- 
els are reduced with altitude since plume gas temperatures decrease at a rate 
faster than the view factor of the expanding plume boundary increases. 
Freestream air convective cooling reduces total base heating until the plume 
boundaries intersect and recirculate rocket exhaust gasses toward the base at 
approximately 70 seconds. Convective heating, shown as the shaded areas in Fig- 
ure 7, is dramatically affected by SRM thrust tailoff. If tailoff did not occur 
after 100 seconds, convective heating would continue to increase with increasing 
altitude during Ist-stage flight. Both radiation and convection increase during 
SRM shutdown, but the predominant effect at this base location Is a dramatic in- 
crease in radiation. Both radiation and convection are constant during the high- 
altitude steady SSME performance period of 2nd-stage flight. Convection de- 
clines sharply when the SSMEs throttle down to 3g after 450 seconds. All base 
heating to the orbiter heat shield becomes negligible after main engine cut-off 
(ME CO). 


PREFLIGHT METHODOLOGY 


Because of its extended reuse capability and flyback operational capabil i- 
ty, the Shuttle thermal protection system (TPS) must be adequate but not grossly 
overdesigned. Any excess weight designed into the system because of an ovei — 
designed TPS directly Impacts payload capabil ity and operating costs. 
Therefore, an extensive effort to accurately predict the ascen^base heating en- 
vironment was undertaken early in the Shuttle program. A paper documenting the 
preflight Shuttle base heating methodology was presented at the JANNAF 10th 
Plume Technology Meeting. Important features of the preflight methodology are 
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summarized in the following paragraphs. Radiation and convective heating com- 
ponents of the total environment prediction utilize different methods and are 
computed independently. 


Rad i ati on 

SRM - The sea-level SRM plume radiation math model was originally based on 
experimental data taken on the Titan 1 1 1C solid motors^, geometrically scaled to 
the SRM size as shown in Figure 8(a). This sea-level model was subsequently up- 
dated based on ground tests of the SRM. In January 1 977 ( DM— 1 ) and February 
1978 (DM-2) the SRM was statically fired at the Thiokol Test Range in Utah 
(5000 ft elevation). Narrow-view-angle radiometer data were obtained along the 
plume centerline from the exit plane of the nozzle on DM-2. On both tests, wide- 
angle radiometer data were obtained at positions that simulated locations on the 
Shuttle vehicle. From these data, a new sea-level plume emissive power radia- 
tion model was developed. 3 This model consisted of a 12° cone-cylinder shape 
with the emissive power (E) changing along the centerline as shown in Figure 
8(b). 


Subsequent testing of the SRM at the Thiokol Utah Test Range (QM-2 and QM-3 
in October 1979 and February 1980) provided narrow -view-ang I e radiometer meas- 
urements near the nozzle exit plane slightly higher than measurements taken on 
DM- 1 and DM-2. Updating the emissive power of the first four plume segments of 
the SRM math model to values of E = 70, 59, 57, and 53 Btu/ft^sec resulted in the 
plume model shown in Figure 8(c) 4 and a better correlation of the measured and 
predicted QM-2 and QM-3 heating rates. A comparison of the SRM plume radiation 
heating rates to the Shuttle vehicle made with this model (1980 updated model) 
compared to the older 1979 design model showed only si ightly higher heating 
rates. 

With the sea- 1 eve I plume emissive power math model defined, radiation heat- 
ing rates to various design points on the Shuttle were calculated using a radia- 
tion view factor computer program. 5 Initial predictions assumed no altitude 
variation. Later predictions (before flight data became available) considered 
altitude effects using a recently developed Monte Carlo radiation code^ coupled 
with detailed, two-phase plume flow field calculations and the plume model shown 
in Figure 97 

SSME - Radiation heating rates from the SSME plumes were calculated using a 
modified form of the basic NASA band model gaseous radiation program^. An ex- 
tensive effort was made to correctly model the Mach disk region and the viscous 
shear layer of the plume (see Figure 10). At low to mid altitudes, the plumes 
do not i nteract, so detailed radiation calculations were made for each plume and 
the environment generated at a given design location by adding the contributions 
from each plume. The complex three-dimensional flow field occurring at high al- 
titudes when the SSME plumes interact and reverse gases into the orbiter base 
region was approximated using two-dimensional techniques^ 


Convect i on 


Unlike radiation predictions, convective base heating predictions were 
based almost entirely on short duration, hot-firing model test data. Eight 
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separate base heating tests were conducted to support the convective environment 
analysis as listed in Figure 11. The basic model used throughout these tests 
for first-stage condition was a 2 . 25 % version of the fully integrated launch 
vehicle. These tests utilized short duration techniques that included hot-fir- 
ing hydrogen-oxygen simulation of the SSME, hot -firing simulation of the booster 
SRM, and simulated external air flow over the model. The model used for second- 
stage test conditions was a 4$ scale model of the orbiter base region, vertical 
fin, OMS pod, and body flap, which included hot-firing hydrogen-oxygen simulation 
of only the SSMEs. These tests were conducted in altitude chambers with no 
external flow, only a variable chamber back pressure. 

During these tests, model heating rates and gas temperatures were measured 
over a range of simulated altitudes, and all factors affecting convective base 
heating were parametrically varied to provide a detailed base heating data base. 
When the flight conditions were established, this data base was used to extract 
the model heat transfer coefficient correspondi ng to the specific flight condi- 
tion. The scaling techniques from model to full scale were based on the Colburn 
Turbulent Scaling Law. Details of these techniques are provided in Reference 1. 
Analytical predictions for the mass-averaged base gas recovery temperature were 
made by estimating the mass flow of exhaust products into the base region and 
then Integrating the total energy flow in the nozzle boundary layer from the 
nozzle wall to this mass flow rate. Average temperature as a function of boun- 
dary layer mass flow is shown In Figure 12 for the exit plane of the SSME. 


FLIGHT DATA 


Base heating environment data have been measured on the four development 
flights as well as the first operational flight. A limited amount of data was 
obtained on STS-1 due to bad instrumentation initially installed on the orbiter 
and main engines and reduced instrumentation on the ET base. The bad instru- 
ments were replaced on STS-2, and a complete base heating data base was obtained 
on all subsequent flights with the single exception of the SRB data on STS-4, 
which was lost when the boosters sank following water Impact. The fl ight in- 
strumentation, operating conditions which affect base heating, and typical 
flight data are described in the following paragraphs. 


Flight Parameters and Operating Characteristics 

Shuttle flight parameters which influence base heating are: vehicle tra- 
jectory (Figure 13), vehicle angle of attack (Figure 14(a)), SRM chamber pres- 
sure history (Figure 14(b)), and SSME chamber pressure history (Figure 14(c)). 
Other flight and operating conditions affecting base heating, but not shown in 
this paper, include SSME and SRMglmbaling and vehicle side slip. Altitude and 
SRM thrust decay history have the most impact; other fl ight and operating condi- 
tions have a second-order effect. Model data indicate that SSME gimbaling can 
have significant effects on orbiter base heat shield 2nd-stage convective heat- 
ing If the gimbal angles significantly deviate from current baseline nominal. 
However, on a I I Shuttle flights to date, the SSME gimbal angles flown on each 
flight have not varied from this nominal, and the measured flight data have been 
similar. The SRM and SSkE chamber pressure histories shown In Figures 14(b) and 
14(c) are typical for all engines for all flights. 
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The altitude histories during Ist-stage ascent have been remarkably similar 
on all five flights as have the engine operating conditions. Therefore, it was 
expected that the measured environments would be similar in magnitudes and 
trends. FI ight-to-f I ight differences noted in the data are primarily a function 
of local flow field differences, gage contamination, TPS outgassing, flight-to- 
f I ight gage replacement and range changes, etc. The global base region flow- 
fields, plume shapes, gas temperatures, and TPS and instrumentation temperature 
were general ly the same on al I fl ights. 


Development FI ight Instrumentation 

Flight instrumentation to monitor ascent base heating consisted of total 
calorimeters, radiometers, and gas temperature probes. The number of instru- 
ments greatly increased from STS-1 to STS-2 and subsequent flights, and the qual- 
ity of the measurements was also improved on STS-2 and subsequent fl ights at 
some base locations. A variety of different type gages and different mounting 
and data retrieval systems were used throughout the various base components. 
With the exception of the gas temperature measurements, the data were general ly 
good, consistent from component to component, and were of significant value in 
understanding the base heating environments. Total calorimeter sensor tempera- 
tures were generally less than 200°F throughout ascent, so the measured total 
heating rates reflect an essentially cold wall convective component. Gas tem- 
peratures were measured for the ET and right SRB; no gas temperature measure- 
ments were taken on the orbiter and SSMEs. 


Typical Flight Base Heating Data 

Complete presentations of all base heating data for STS-1 through STS-5 are 
presented in References 9 through 13. As mentioned previously in the introduc- 
tory discussion, the highest radiation heating occurs on aft- facing components 
at liftoff and during the SRB shutdown spike. Convective heating, which can be 
determined by subtracting radiation from the total heating at the same location, 
is often negative (convective cooling) during the early part of flight but gen- 
erally peaks at the highest altitude where substantial booster thrust st i I I oc- 
curs. This convective peak has occurred on all flights to date at approximately 
100,000 feet altitude or 100 seconds into flight at a booster thrust level of 
75/S. Typical heating levels throughout the base region including outboard loca- 
tions such as the vertical tail, body flap, and wing/elevon trail ing edges are 
listed in Figure 15 at four times during a typical flight when the environments 
are distinctly different. 

Typical heating rate histories for various base components are presented in 
Figures 16 through 23. The orbiter and main-engine data are characterized by 
significant heating through main engine cut-off. The SRB and ET aft dome envi- 
ronments terminate at SRB separation. It is apparent that all base components 
experienced a heating spike during the last seven seconds of SRM shutdown. The 
SRM plumes become brighter and have greater radiation potential during this time 
period as propellant residuals and liners are ejected through the nozzle and 
burn in the plume. All flights have shown significant amounts of luminous gases 
in the general base region surrounding the ET aft dome immediately following 
liftoff. These gases are hot S0FI abl ation outgases rel eased by the initial radi- 
ation heating load. They reduce the heat load by attenuating radiation to the 
base-region surfaces. 
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IMPROVED METHODOLOGY 


Close examination of the flight data indi cates that two changes were neces- 
sary In the basic SRM plume radiation prediction methodology. The sea-level ra- 
diation model was modified to account for the combustion zone between the SRMs 
resulting from the outgasslng TPS material from the ET base combusting as it 
flows downstream between the SRM plumes. An altitude correction factor to modi- 
fy sea-level SRM radiation rates to account for altitude changes was also de- 
veloped from the flight experience. A discussion of these and other methodology 
changes is presented in Reference 14. 

The Shuttle flight data generally validated the convective methodology. 
For most base surfaces, the agreement between prediction and flight data was 
good indicating that the scaling methods were correct. However, at three dis- 
tinct base locations, the prediction methodology was obviously incorrect. These 
locations were the upper interior region of the orbiter base heat shield, the 
upper ET aft dome surface, and the outboard SRB skirt. At the upper heat shield 
location, the pref I ight methodol ogy over pred 1 cted convective heating during 
second stage. Conversely, the methodology underpredicted ET dome and outboard 
SRB skirt convective heating during the Intense recirculation period at the end 
of first stage boost. Details of the improved methodology are described in the 
following paragraphs. 


Radiation 

SRM - Based on flight data from STS-1 and STS-2, the shape of the sea- level 
emissive power model was changed to a 15° cone with the same emissive powers for 
each segment as the 1980 design model, shown in Figure 24. The second change 
consists of the development of an altitude correction factor used to modify the 
sea-level SRM radiation rates to account for altitude variations (Figure 25). 
This procedure eliminates the launch stand correction factor that was present in 
the earl ier methodology. The SRM altitude correction factor as depicted in Fig- 
ure 25 is valid for any Shuttle trajectory (since it is a function of altitude 
only) except for the SRM shutdown spike, which occurs at the end of the SRM 
burn. Since this spike is a function of time (i. e., the last 7 seconds of SRM 
burnout, as shown in Figure 26), it is superimposed on the altitude plot at the 
appropriate altitude corresponding to 7 seconds before burnout and separation. 

SSME - The general approach for calculating SSME plume radiation has not 
changed since Reference 1 was published. However, improvements in the SSME sea- 
level flowfield model have been made and incorporated in the model. ^ An im- 
proved emissive power SSME plume radiation model was developed from extensive 
gaseous radiation calculations made with the improved GASRAD computer code. The 
current SSME sea-level plume radiation model is shown in Figure 27. 

Comparison of Pref light and Improved Radiation Methodology - STS-5 flight 
data are compared with the original design environment predictions (preflight 
methodology) and the operational flight predictions (improved methodology) in 
Figures 28 through 32. Each figure presents a comparison at a distinctly dif- 


658 


ferent base component location: center of the ET aft dome, the lower left 

corner of the orbiter heat shield, the SRB aft kick ring, the inboard aft hat 
band of the lower left SSME, and the sway strut of the ET/orbiter attach struc- 
ture. For most locations, the improved methodology results In a radiation envi- 
ronment somewhat higher than the earlier design critical review (DCR) design 
environment and includes the SRM shutdown spike. 


Convection 

To update the convective heating methodology, flight data were substituted 
for the nominal model data base for the ET upper dome, SRB aft skirt, and the 
orbiter upper heat shield. Because the flight data were measured over a rela- 
tively narrow range of freestream and operating conditions, model data trends 
and distributions are retained In the up-dated methodology to encompass all pos- 
sible flight conditions anticipated in future operational flights. The Shuttle 
flight data also showed less variation In convective heating over large sur- 
faces, such as the orbiter heat shield, the OMS pod base, and the SSMEs, than 
had been Indicated by the model data. 

Original methods to predict base gas recovery temperature are unchanged in 
the up-dated methodology. No valid base gas temperature measurements were made 
anywhere In the Shuttle base region during the DFI flights. Gas probes, in gen- 
eral, have large uncertainties and potential errors and for these reasons the 
conservative gas temperatures derived from analytical methods will be retained. 

Comparison of Pre-flight and Improved Convective Heating 
Methodol oqy - Model data, design predictions ( preflight methodology), flight 
data from STS-4, and the operational flight predictions (improved methodology) 
are compared for four different base locations in Figures 33 through 36. For 
some locations, e. g. - the ET dome, the operational flight environment encom- 
passes the flight data and is approximately twice the magnitude of the DCR 
design environment. Conversely, operational predictions for the upper center 
region of the orbiter heat shield were substantially reduced from the original 
DCR environments. 
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1ST STAGE CONFIGURATION 



2ND STAGE CONFIGURATION 



Figure 1 


Shuttle base configuration 
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Figure 2.- 


Typical first-stage ascent base 
heating environment. 




Figure 4.- Shuttle exhaust plumes at 7500 ft. 
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Figure 5.- Shuttle exhaust plumes at 90,000 ft. 



Figure 6.- Shuttle exhaust plumes at 166,000 ft. 
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SECONDS RELATIUE TO 1 982 I 3 IS 1 12 I 1 8 I S9 I 6 


Figure 7.- Ascent flight events - typical orbiter 
heat shield environment. 
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(b) 1979 design model (ref. 3). 



(c) 1980 up-dated design model (ref. 4). 
Figure 8.- SRM sea-level plume radiation models. 
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SFB PLUMF MODI L EMISSIVE POWERS VS ALTITUDE 
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Figure 9.- 


SRM altitude plume model 


(ref. 7). 


GEOMETRY AND EMISSIVE POWER OF THE SSME SEA LEVEL PLUME MODEL 
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Figure 10.- 


SSME sea-level plume model 


(ref. 8) 
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FIRST STAGE WIND TUNNEL TESTS 
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SECOND STAGE VACUUM TANK TESTS 
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Figure 11.- Shuttle base heating test program. 



Figure 12.- Mass-averaged total temperature at the nozzle exit 
plane of the Space Shuttle orbiter main engine (ref. 1). 
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(b) First- and second-stage flight. 

Figure 13.- Comparison of STS-l, STS-2, STS-3, 
STS-4, and STS-5 trajectories. 
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(a) Angle-of-attack histories for STS-1 , 
STS-2 , STS-4 , and STS-5. 
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(b) R-SRB chamber pressure. 
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(c) SSME-3 chamber pressure. 
Figure 14.- Flight parameters. 
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OFFSCALE 


Figure 15.- 


Base heating environment distribution. 
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TIHE-SECOND 

Figure 16.- Typical Shuttle flight data - orbiter heat shield. 
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Figure 17.- Typical Shuttle flight data - OMS pod. 
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Figure 18.- Typical Shuttle flight data - body flap. 
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Figure 19.- Typical Shuttle flight data - elevon. 
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Figure 20.- Typical Shuttle flight data - vertical tail. 
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Figure 21.- Typical Shuttle flight data - SSME number 1. 
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Figure 22.- Typical Shuttle flight data 


external tank aft dome. 
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23.- Typical Shuttle flight data - right SRB aft skirt. 
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Figure 24.- Current SRM sea-level plume 
radiation model (ref. 14). 



See Figure 26 


Figure 25.- SRM altitude correction factor (ref. 14). 
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1.8 



Time (sec) 

Figure 26.- SRM shutdown radiation spike (ref. 14). 


SHAPE 

EMISSIVE 

POWER 

8TU/FT2-SEC 

DISTANCE 
FROM EXIT 
INCHES 

RADIUS 

INCHES 

DISK 1 - TRANSPARENT 

150 

50 

25 

2 -TRANSPARENT 

120 

350 

20-50 

CYLINDER 1 - OPAQUE 

60 

50-350 

20 

2 - OPAQUE 

60 

300-600 

50 

3 -OPAQUE 

40 

600-1200 

50 

CONE - TRANSPARENT 

12 

100-1100 

40-120 



Figure 27.- Current SSME sea-level plume radiation model (ref. 15). 
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Figure 28.- External tank radiation base heating. 



Figure 29.- Orbiter heat shield radiation base heating. 
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Nomenclature 



Figure 30.- 


SRB kick ring 


radiation base 


heating. 



Figure 31.- SSME number 2 radiation base heating. 



T ime ( sec ) 

gure 32.- ET/orbiter attach structure radiation base heating. 
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Nomenclature 



Figure 33 


External tank convective base heating 




Figure 34.- Orbiter heat shield convective base heating. 
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Figure 35.- 


SRB aft skirt convective base heating. 
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Nomenclature 
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Figure 36.- 


SSME number 


2 convective base heating. 
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